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I. INTRODUCTION
Conjugated polymers have attracted considerable interest in fundamental and applied research since the discovery of substantial conductivity in doped polymers. 1, 2 In particular, a great deal of effort has been devoted to understanding the electronic and dynamical properties of conjugated polymers. Polyaniline ͑PANi͒ and poly͑p-pyridyl vinyene͒͑PPyV͒ are conducting polymers which differ from their undoped counterparts such as poly͑p-phenylene vinyene͒ ͑PPV͒ in that they have a nitrogen heteroatom. They are straightforward to synthesize and in addition they have excellent environmental and thermal stability. 3 Further, the materials are easy to process and there are quite a large number of possible substitutions which give the opportunity to tune the electrical and optical properties. The wide range of controllable optoelectronic properties, coupled with excellent stability, make them attractive as electronic materials for potential use in a variety of applications such as biosensors, 4 batteries, 5 and field effect transistors. [6] [7] [8] Experimental and theoretical investigations of the dynamical properties of conjugated polymers play a key role in understanding the structural and microscopic optoelectronic properties of the materials in various phases in both the pristine and doped states. 9, 10 However, it is often the case that information obtained by different methods has been quite inconsistent. 11 Though there have been a number of studies of the electronic and dynamic properties of PANi and PPyV, no consensus has been reached on the assignment of the vibrational modes. For example, experimental infrared ͑ir͒ mode frequencies have been published for PANi, [12] [13] [14] but one paper did not assign most of the observed modes, 13 and another assigned only the fundamental ones.
14 Using a harmonic potential with parameters transferred from other molecules, Kostić et al. 15 calculated the vibrational modes, which are in quite good agreement with previously published data. However, despite these results, no comprehensive study is available concerning the dynamical properties of the materials, especially the dynamical anisotropy. Realistic firstprinciples calculations are a way forward but they are computationally very demanding and it is often the case that the calculations of the dynamical properties are of the average axial values for simple polymers only, 16, 17 while ignoring the anisotropy information. Nevertheless, some progress has been made in understanding the anisotropy of the polarizability for molecules and molecular crystals [18] [19] [20] [21] and for the dielectric and vibrational properties of some of the simpler amino acid molecules. 22 Very recently, an ab initio dynamics study has been carried out for the undoped polymer PPV. 23 In this work we present a first-principles investigation of the dynamical properties of the conducting polymers PANi and PPyV. We first study the vibrational properties of the conducting materials; then we concentrate on the electric field response and Born effective and Mulliken charges. The remainder of this paper is organized as follows. Sections II and III present the theory and computational details, and then in Sec. IV we present and discuss the calculated results for the materials. A short summary concludes the paper in Sec. V.
II. THEORY
Only a brief outline is given here, but more details of the theory of the lattice dynamics and perturbations of systems with electric fields can be found elsewhere. [24] [25] [26] When an electric field ⑀ is applied to a polymer system, the change of the dipole moment d may be expressed as and kth components of the field ⑀, respectively. ␣ ij is the polarizability tensor and ␥ ijk the first-order hyperpolarizability. The polarizability tensor components ␣ ij can be obtained by finding the second-order derivatives of the total energy E of the system:
In this work we calculate the polarizability components by the use of linear response, within density functional perturbation theory ͑DFPT͒. 24, 25 DFPT is not only one of the most robust methods for the calculation of dynamic properties, but it is also a method that naturally enables the calculation of the second-order derivatives of the total energy, and thus dynamical quantities, such as the polarizability, to be evaluated directly. It is also possible to calculate a number of other properties by considering different perturbations. For example, a perturbation of the ionic positions can be used to obtain the dynamical matrix and information on the vibrational properties.
The polarizability can also be obtained using the finitedifference ͑FD͒ method, where appropriate. In the FD method, the dipole moment as a function of electric field is obtained and then the polarizability tensor components are derived as the proportionality coefficients. However, since the computational cost of the FD method is very considerable and it is not possible to use the method for mixed perturbations, we employ only DFPT for the study of the vibrational frequencies and effective charges.
The basic theory of lattice dynamics is well understood and has been described in detail by, for example, Born and Huang. 26 The properties of phonon modes may be described directly from the second-order derivative of the total energy with respect to atomic position. According to the harmonic approximation, for small atomic displacements from equilibrium, the total energy E tot of the system may be written as 24
where ⌬ ␣ is the displacement in direction ␣ for the ion .
The frequencies of the phonon modes are the eigenvalues of the eigenvalue equation,
where M is the mass of ion , and e͑␣͒ and e͑Ј␤͒ are the eigenvectors. The perturbation resulting from an applied electric field allows us to evaluate the dielectric response. In the limit of low frequencies of the applied field, the electronic dielectric permittivity tensor ␤ ij may be expressed as
where ⍀ 0 is the volume of the supercell and ␣ ij is the polarizability tensor as defined in Eq. ͑2͒.
The change in the dipole moment as a result of atomic displacements may also cause changes in the polarization of the polymer system. Then the so-called Born effective charge tensor Z i,jk * can be defined as 24
where ik is the k component of the position of ion i. Thus the Born effective charge tensor of the ith ion Z i,jk * is the partial derivative of the macroscopic polarization with respect to a periodic displacement of that ion at the limit of zero applied electric field, and in DFPT the tensor is equivalent to that in the linear relation between the force upon an atom and the applied electric field. 24 It is known that the long-range behavior of the Coulomb interaction gives rise to macroscopic electric fields for longitudinal ͑LO͒ and transverse ͑TO͒ optical phonons, and the coupling between the phonon modes and the electric field gives rise to LO-TO splitting at the ⌫ point. 27, 28 The Born effective charge is a very important quantity and can be used to determine the well-known phenomenon of LO-TO splitting in polar semiconductors and insulators.
With knowledge of the normal modes and the Born effective charges of a system, its ir absorption spectrum can be calculated as
where m is the mode of vibration, Z ,␣␤ * is the effective charge, and e m is the phonon eigenvector.
III. COMPUTATIONAL DETAILS
We have carried out our calculations with the plane-wave pseudopotential implementation of density functional theory using the CASTEP code. 27, 28 Plane-wave basis sets are advantageous compared to conventionally used localized basis sets since they are, in principle, complete and are evenly distributed in space and therefore not biased toward any individual chemical bonds. In particular, there exists only one parameter, the cutoff energy, to determine the completeness of the basis.
In our calculations, the many-body exchange and correlation interactions were described using the generalized gradient approximation proposed by Perdew and Wang, 29 which can provide a good description for hydrogen-bonded systems. The use of a plane-wave basis set requires periodic boundary conditions in all three dimensions. To achieve this, a periodic "supercell" method was used and the chain was artificially repeated in the two dimensions normal to the polymer axis with a sufficiently large unit cell to make neighboring interactions negligible. The unit cell was 10 ϫ 10ϫ d Å 3 , where d is the repeat distance along the polymer chain. Norm-conserving Kleinman-Bylander 30 pseudopotentials were used to describe the electron-ion interactions. The cutoff energy was 1000 eV, which converges the total energy of the system to 1.0 meV/ atom. The Monkhorst-Pack k-point sampling 31 mesh of 1 ϫ 1 ϫ 8, was employed to per-form the integrations in k space over the first Brillouin zone, with the grids for each cell chosen to be dense enough to also converge the total energy to 1.0 meV/ atom. We first optimized the polymer geometrical structures of the ground state using the Hellmann-Feynman force. 34 The resulting predicted structures of PANi and PPyV at equilibrium are shown in Figs. 1 and 2 , respectively. The geometrical parameters are given in the captions of the figures, and are in good agreement with those determined by experiment. 32, 33 
IV. RESULTS AND DISCUSSION

A. Vibrational frequencies
We have calculated the vibrational frequencies of the two polymers at the ⌫ point by using the linear response DFPT method. The calculated normal mode frequencies of the two polymers are shown in Table I . The vibrational properties of PANi have been previously studied 35, 36 in their base form and, for comparison, we also list those results in Table I . It should be pointed out that DFPT is based on the harmonic approximation and may not be valid at high temperature. As stated in Sec. I, the dynamical properties determined by different methods are often inconsistent and so it is difficult to make a direct comparison between the theoretical and experimental values. Therefore, theoretical results are predictive rather than comparative. Table I shows that the frequencies of normal modes occur mainly in three bands. The bands in the region 225.1-419.3 cm −1 for PANi and 154.7-552.3 cm −1 for PPyV are due to out-of-ring-plane oscillations. The bands for PANi ranging from 604.3 to 1608.8 cm −1 , and from 628.4 to 1616.1 cm −1 for PPyV come from the "collective behavior" of the polymers, such as mixed C u C and C u N stretching, N u H and C u H bending, wagging, and rocking, etc. The bands in the region above 3000 cm −1 correspond to C u H and N u H stretching modes. Detailed assignments of the frequencies for both polymers are made in this work.
The vibrational properties may be used to investigate the nitrogen doping effect present in the materials. Examination of Table I indicates that the C u N ͑vinyl C v C͒ stretching modes at 1608.8 ͑1616.1͒ cm −1 for PANi ͑PPyV͒ are in the same range regardless of the different nitrogen doping position in the two polymers. Actually, these mode frequencies are quite stable compared with the corresponding vinyl mode 1613.7 cm −1 of PPV. 23 The fact that the vinyl oscillating modes occur in the same frequency range for these systems suggests that the nitrogen atom does not have much influence on them.
Given the normal modes, the infrared absorption spectra can be calculated from Eq. ͑7͒. For complex systems like conjugated conducting polymers, the ir spectra can be useful in interpreting the vibrational properties. The calculated ir spectrum for PANi is plotted in Fig. 3 and for PPyV in Fig.  4 . Notable differences can be found in the predicted ir spectra for PANi, PPyV, and undoped PPV. 23 It is known that PANi and PPyV are conducting polymers; this implies that the nitrogen doping atom plays a key role in the transport mechanisms of the materials.
B. Electric field response
The linear response of the electronic charge density gives the first-order variation in the electronic density induced by the external field. Figures 5 and 6 show for PANi and PPyV the first-order electronic charge densities in response to an applied electric field obtained by using DFPT. The contributions to the charge density from different atoms can be clearly seen, and it is apparent that the polarizability is de- pendent on the atomic environment. Notable differences can be found in the first-order densities for the pristine aromatic polymers such as PPV, 23 and for PANi and PPyV, especially in the vicinity of the heteroatom nitrogen. Furthermore, according to Table II, the polarizabilities are strongly anisotropic with a relatively large response for an electric field applied along the z axis.
The polarizability ␣ and permittivity ␤ of PANi and PPyV have been calculated in this work. The coordinate systems used to define the tensors relative to a polymer chain are shown in Figs. 1 and 2 . The z direction is shown in the figures, and the x and y directions are respectively perpendicular and parallel to the plane of the rings. The polarizability and permittivity tensor components calculated using The experimental determination of the full polarizability tensor is normally rather difficult. To the best of our knowledge, there are no reports of the anisotropy of the polarizability in the literature which we can use for comparison. However, it is perhaps useful to compare the DFPT results with the corresponding FD results. In Table II , it is found that the major contribution to the average polymer polarizability ␣ av DFPT ͓=Tr͑␣ DFPT ͒ /3͔ is the component ␣ zz . For PPyV, the three individual principal components are very similar to those of an isolated PPV chain, 23 which may be attributed to the similarity of the structures of PPyV and PPV. Both PPyV and PPV have the property that ␣ zz ӷ ␣ yy and ␣ yy Ӎ ␣ xx . The anisotropy is much greater than for ␣ FD in the case of the dangling-bond-saturated molecules. For the molecules, the component ␣ zz is less than for the polymers while ␣ xx and ␣ yy are larger. Also, ␣ zz for PANi is substantially smaller than for PPyV. It is found that the values of ␣ av DFPT for the two polymers are in reasonable agreement with typical data for the axial polarizability of conjugated polymers. 16, 17 The calculated permittivity values of PPyV also show strong anisotropy, with ␤ zz ӷ ␤ yy and ␤ xx Ӎ ␤ yy . The average PPyV permittivity ␤ av is 2.10 ͑compared to 2.15 for PPV͒. This feature is similar to that of PPV for an isolated polymer chain. The predicted value of PPyV ␤ av is reasonable when compared with the typical permittivity values of polymers. 37 Comparing the values of the permittivity tensors of the materials, it was found that the local field has a greater influence on the permittivity asymmetry of PPyV than that of PANi. For PANi, the principal components of the permittivity tensor show less anisotropy than for PPyV with ␤ xx Ӎ ␤ yy Ӎ ␤ zz , suggesting that the different doping position of the nitrogen atom is significant in this regard.
C. Born effective and Mulliken charges
We present in Table III Z at obtained by Mulliken population analyses. It is found that for the hydrogen atoms, all the Mulliken population atomic charges possess roughly the same value in both PANi and PPyV. This suggests that the electronic structure of each hydrogen atom is similar in the two polymers. For carbon atoms, except for C 1 and C 4 in PANi and C 1 , C 4 , and C 5 in PPyV, the Mulliken charges are also similar. In PANi, there is some positive charge accumulation ͑0.13͒ at the node atoms C 1 and C 4 ; for PPyV, the nominal charges for C 1 and C 4 are 0.14 and 0.16, respectively. However, perhaps due to the nitrogen doping atom in the ring, C 5 has much less negative charge ͑−0.06͒ than its counterpart C 5 in PANi. There are marked differences between the Mulliken charges of the nitrogen atom ͑−0.60 versus −0.43͒ in PANi and PPyV, due to the fact that there is a double bond for the nitrogen atom in PPyV, and a single one in PANi.
It is instructive to make a direct comparison between the Mulliken charges and the average Born effective charges and to try to understand the reason for the discrepancies. For hydrogen atoms, there are marked differences between the average Born effective charges and the Mulliken charges. The effective charges are, with the exception of H 7 , less than one-tenth of the Mulliken charges in PANi. For the carbon atoms, there are clear differences between the two kinds of charge. In PANi, the largest discrepancy is more than 0.6, but Z av * and Z at do have the same sign. In contrast, there are different charge signs for atoms C 3 , C 4 , C 5 , and C 8 in PPyV. The nitrogen doping effect in the ring may be responsible for this. The Born effective charge is directly related to the dynamic properties of a system, and especially to the electronic structure changes. Therefore the chemical environmental effects, such as neighboring chemical bonds, can play a significant role in affecting the charges. The nitrogen atom has a smaller negative effective charge ͑−0.685͒ in PPyV than that FIG. 6 . ͑Color online͒ The electronic charge densities for PPyV. ͑a͒, ͑b͒, and ͑c͒ correspond to perturbations in the x, y, and z directions. Black ͑blue͒ represents positive charge density, and grey ͑yel-low͒ is negative. ͑−1.324͒ in PANi which, as with the Mulliken charge, can be attributed to the different bonding in the two polymers. The discrepancies between the Born effective charges and Mulliken population atomic charges highlight their different origins. The Mulliken population charges are based on the partition of the Kohn-Sham orbitals and provide information on the static electronic structure, whereas the Born effective charges are based upon the dynamics of the system, and generate information concerning dynamical properties. Therefore when a dynamical system is under consideration, effective charges are normally more relevant.
V. CONCLUSION
Ab initio investigations of the dynamical properties of the two polymers PANi and PPyV have been reported. The vibrational frequencies of the polymers are calculated by directly evaluating the dynamical matrix of force constants using a linear response determination of the second-order change in the total energy induced by atomic displacements. Vibrational frequencies are calculated and assignments are made for the phonon modes of the two polymers. Most of the phonon modes have been classified: in particular the higherfrequency phonon modes are due to C u H and C v N stretch. We also present the results of calculations of the polarizability and permittivity of the materials, which are in reasonable agreement with the typical experimental values for conjugated polymers. The calculated polarizability and permittivity tensors for the polymers in this work are in reasonable agreement with typical values of axial polarizability and permittivity of conjugated polymers where comparison is possible. Analyses of the first-order electronic charge densities give insight into the behavior of the electronic polarizability. We present the dynamical Born effective charges and the nominal Mulliken population atomic charges. It is noted that effective charges are more appropriate for use in the study of the dynamics for the system. Notable differences are found in the predicted dynamic properties obtained for PANi, PPyV, and PPV, which may play a significant role in the transport properties of this class of conducting polymers. Comments are made on their relation to the underlying polymer structure and the charge modifications induced by doping.
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